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Summary
RecQ DNA helicases are multidomain enzymes that
play pivotal roles in genome maintenance pathways.
While the ATPase and helicase activities of these en-
zymes can be attributed to the conserved catalytic
core domain, the role of the Helicase-and-RNase-D-C-
terminal (HRDC) domain in RecQ function has yet to
be elucidated. Here, we report the crystal structure of
the E. coli RecQ HRDC domain, revealing a globular
fold that resembles known DNA binding domains. We
show that this domain preferentially binds single-
stranded DNA and identify its DNA binding surface.
HRDC domain mutations in full-length RecQ lead to
surprising differences in its structure-specific DNA
binding properties. These data support a model in
which naturally occurring variations in DNA binding
residues among diverse RecQ homologs serve to tar-
get these enzymes to distinct substrates and provide
insight into a mechanism whereby RecQ enzymes
have evolved distinct functions in organisms that en-
code multiple recQ genes.
Introduction
RecQ DNA helicases play critical roles in DNA recombi-
nation, replication, and repair in organisms ranging
from bacteria to humans (Bachrati and Hickson, 2003;
Bennett and Keck, 2004). The importance of RecQ pro-
teins for proper cellular function is best exemplified by
three clinically distinct human syndromes, Bloom’s,
Werner’s, and Rothmund-Thompson syndromes, that
arise from mutations within the closely related BLM,
WRN, and RECQ4 recQ genes, respectively (Ellis et al.,
1995; Kitao et al., 1999; Yu et al., 1996). These muta-
tions result in genomic instability (e.g., increased chro-
mosomal rearrangements, chromosome breakage, and/
or hyperrecombination) and a predisposition to cancer
in all three syndromes. Similar genome instability phe-
notypes are observed in prokaryotes and unicellular eu-
karyotes with mutated recQ genes, although these or-
ganisms typically encode just a single recQ gene.
The first RecQ family member was discovered in E. coli,
in which it acts in multiple facets of cellular genome
maintenance (Nakayama et al., 1984). E. coli RecQ is a
member of the RecF recombination pathway, which
helps mediate homologous recombination and plasmid
recombination reactions as well as catalyzes reactions
that repair replication forks stalled at sites of DNA dam-*Correspondence: jlkeck@wisc.eduage (Courcelle and Hanawalt, 1999; Horii and Clark,
1973; Kolodner et al., 1985). In addition, E. coli RecQ is
an important antirecombinase that helps prevent illegit-
imate recombination between DNA sequences with lim-
ited homology (Hanada et al., 1997). RecQ has also re-
cently been shown to be important in signaling the SOS
DNA damage response in E. coli (Hishida et al., 2004).
In accordance with its broad range of cellular activities,
E. coli RecQ binds to a wide array of DNA structures
in vitro, including single-stranded DNA (ssDNA), Holli-
day junctions (HJs), and partial-duplex DNA with a 3#
single-stranded overhang (dup-3#) (Dou et al., 2004;
Harmon and Kowalczykowski, 1998, 2001; Hishida et
al., 2004). Several biochemical activities have been pro-
posed for E. coli RecQ to account for its putative cellu-
lar functions and broad DNA binding specificity, includ-
ing unwinding of stalled replication forks (Hishida et al.,
2004), degradation of nascent lagging strand DNA in
conjunction with the RecJ nuclease (Courcelle and Ha-
nawalt, 1999; Hishida et al., 2004), and roles in recombi-
nation initiation and regulation (Hanada et al., 1997;
Harmon et al., 1999; Harmon and Kowalczykowski,
1998, 2001; Kusano et al., 1994). However, the exact
cellular role of E. coli RecQ remains a topic of investi-
gation.
Most RecQ proteins contain three conserved do-
mains: helicase, RecQ-conserved (RecQ-Ct), and Heli-
case-and-RNaseD-C-terminal (HRDC) domains (Figure
1A). The helicase and RecQ-Ct domains combine to
form the “catalytic core” structural domain of E. coli
RecQ, which contains the sequence motifs necessary
for its ATPase and DNA unwinding activities, as well as
Zn2+ binding and winged-helix (WH) subdomains (Bern-
stein and Keck, 2003; Bernstein et al., 2003). The cata-
lytic core sequence is the best-conserved domain in
the RecQ family, with strong similarity in the helicase
and Zn2+ binding regions and somewhat weaker sim-
ilarity in the WH fold (Bachrati and Hickson, 2003; Ben-
nett and Keck, 2004). Numerous studies of catalytic
core fragments from S. cerevisiae Sgs1 (Bennett et al.,
1998; Lu et al., 1996), human BLM (Janscak et al.,
2003), and E. coli RecQ (Bernstein and Keck, 2003) pro-
teins indicate that this domain is sufficient for ATPase
and DNA unwinding activities in vitro. In addition to the
catalytic core, a C-terminal 10 kDa HRDC domain is
present in most RecQ family members. As its name im-
plies, HRDC domains are also found in ribonucleases
D, and, given their presence in both helicases and
nucleases, HRDC domains have been proposed to be
involved in nucleic acid binding (Morozov et al., 1997).
This hypothesis is supported by biochemical evidence,
although there are significant differences among the
specific DNA structures that can be bound by individual
HRDC domains. For example, the isolated Sgs1 HRDC
domain binds to ssDNA and dup-3# DNA structures (Liu
et al., 1999), whereas the WRN HRDC domain binds HJ
and forked DNA structures but does not bind ssDNA
(von Kobbe et al., 2003). HRDC domains are the most
poorly conserved of the three sequence elements pres-
ent in RecQ family members (Figure 1B), with examples
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(A) Schematic diagram of the domain structure of E. coli RecQ. The catalytic core of E. coli RecQ consists of the helicase and RecQ-Ct
regions, while the HRDC region folds as an independent domain (Bernstein and Keck, 2003).
(B) Conservation and secondary structure of the E. coli RecQ HRDC domain. The E. coli RecQ HRDC sequence is colored to indicate residues
that are highly conserved in 95%–99% (yellow) or 100% (green) of 121 identifiable bacterial RecQ sequences. Conserved sequences from
human BLM, WRN, and S. cerevisiae Sgs1 proteins are aligned (Liu et al., 1999); residues that are highly conserved with E. coli RecQ are
indicated in gray boxes. The positions of helices in the E. coli HRDC domain are shown above the sequence.
(C) Stereodiagram of a portion of α helix 1 of the E. coli RecQ HRDC domain. The final model is shown in ball-and-stick form, with the 2Fo-
Fc electron-density map contoured at 1.3 σ.
(D) Orthogonal views of a ribbon diagram of the crystal structure of E. coli RecQ HRDC. Secondary structure elements from (B) are labeled
in the right diagram. Ribbon diagrams were rendered with PyMol (Delano, 2002).
(E) Orthogonal views of the surface potential of the E. coli RecQ HRDC domain. The protein surface is colored by its electrostatic surface
potential at ±8 kBT/e for positive (blue) or negative (red) charge potential by using GRASP (Nicholls et al., 1991). Nonconserved residues
mutated in this study are labeled. Views correspond to those in (D).
(F) Orthogonal views of the surface conservation of the E. coli RecQ HRDC domain color-coded as in (B) and rendered with PyMol (Delano,
2002). Surface-exposed, conserved residues are labeled. Views correspond to those in (D).of RecQ homologs that lack HRDC domains altogether i
a(e.g., human RecQ4) and others that possess multiple
HRDC domains (e.g., D. radiodurans RecQ). The pos- r
ssible importance of variability in HRDC domain struc-
tures among RecQ family members is not yet under- s
Dstood.
To dissect the roles of HRDC domains in RecQ func- b
mtion, we have determined the high-resolution structure
of the E. coli RecQ HRDC domain and have investi- i
sgated its DNA binding properties. The domain forms a
globular bundle of helices that, like the previously de- s
Rtermined S. cerevisiae Sgs1 HRDC domain (Liu et al.,
1999), bears significant structural resemblance to auxil- bary DNA binding domains in PcrA and Rep helicases,
s well as in DNA polymerase β (DNAP β). Since the
elated PcrA/Rep and DNAP β domains use different
urfaces to bind DNA, it was not initially apparent which
urface the RecQ HRDC domain might use to bind
NA. Here, we show that E. coli RecQ’s HRDC domain
inds ssDNA preferentially over dsDNA, and extensive
utagenesis experiments indicate that its ssDNA bind-
ng site most closely matches the PcrA/Rep-related
ite. Introduction of an HRDC domain mutation with a
evere ssDNA binding defect into full-length E. coli
ecQ eliminated the enzyme’s binding to dup-3# DNA
ut enhanced its association with HJ DNA, suggesting
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of RecQ helicases could be used to target the enzyme
to distinct DNA substrates.
Results
Crystal Structure of the E. coli RecQ HRDC Domain
We have solved the X-ray crystal structure of the E. coli
RecQ HRDC domain to 2.2 Å resolution. SAD phasing
and solvent flattening produced high-quality electron
density maps of the HRDC domain (Figure 1C). The
crystal form contains three HRDC domain molecules
per asymmetric unit, and the final model includes one
molecule with residues 530–606 and two others that in-
clude residues 531–606 from E. coli RecQ. Electron
density was not observed for sequences from the N
termini (residues 524–529 or 524–530) or the C termini
(residues 607–609) of the HRDC domains, which might
indicate a dynamic structure for these elements. Non-
crystallographic symmetry restraints were not used
during structure determination to allow independent re-
finement of each of the three HRDC domains within the
crystallographic asymmetric unit. The structure was re-
fined with good bond geometries and crystallographic
statistics (Table 1).
The crystal structure shows that each HRDC domain
monomer is comprised of five α helices and one 310
helix packed together in a globular arrangement meas-
uring w20 Å × w20 Å × w30 Å (Figure 1D). The helices
are connected by loops in the structure that are well-
defined in the electron density maps. Overlaying theTable 1. Data Collection, Phasing, and Refinement Statistics
Data Collection
Wavelength (Å) 0.97941
Resolution range (Å) 50–2.2 (2.28–2.20)
Completeness (%) 99.6 (98.8)
Total observations 111,088
Unique reflections 23,920
<I/σI> 20.1 (4.2)
Rsym (%)a 7.7 (23.8)
Phasing
Figure of Merit 0.289; 0.725 after solvent flattening
Refinement
Resolution (Å) 20–2.2
Rwork/Rfree (%)b 22.5/26.3
Rms deviations
Bonds (Å) 0.009
Angles (°) 0.895
Ramachandran plot (%)
Most favored 93.0
Allowed 7.0
Generously allowed 0.0
Disallowed 0.0
a Rsym = ΣΣj|Ij − <I>|/ΣIj, where Ij is the intensity measurement for
reflection j, and <I> is the mean intensity for multiply recorded
reflections.
b Rwork, free = Σ||Fobs| − |Fcalc||/|Fobs|, where Rwork and Rfree are cal-
culated by using the working and free reflection sets, respec-
tively. The Rfree reflections (5% of the total) were help aside
throughout refinement.individual HRDC monomers within the asymmetric unit
demonstrates that there are few differences among the
domains (root mean square deviation [rmsd] w0.36 Å
for 76 Cα atoms in the 3 molecules), with the greatest
differences occurring in the 310 helix/loop region that
connects α helices 1 and 2 (rmsd w0.7 Å for Cα atoms
in residues 551–557). The surface of the HRDC domain
is primarily electropositive in nature, but it is punctu-
ated with neutral and electronegative amino acids (Fig-
ure 1E).
Sequence Conservation and Structural Homology
of E. coli RecQ HRDC Domain with Other Proteins
There is moderate sequence similarity among homolo-
gous bacterial RecQ HRDC domains. Of the 85 HRDC
domain residues, 14 are highly conserved in 100% of
the 121 currently identifiable bacterial RecQ proteins
and an additional 8 residues are highly conserved in
95%–99% of the proteins (Figure 1B). While many of
these conserved residues comprise the hydrophobic
core of the structure, several cluster on a compact sur-
face of the HRDC domain (Figure 1F). This surface in-
cludes a pronounced hydrophobic patch (residues 552–
556) that is also conserved in eukaryotic RecQ proteins
(Figure 1B) and in RNases D. Three well-conserved,
charged residues, Arg543, Asp560, and Lys587, flank
this hydrophobic surface. The high relative conserva-
tion of this surface suggests that it could be important
for HRDC domain function.
A search for proteins with structures similar to that
of the E. coli RecQ HRDC domain was carried out by
using the DALI search engine (Holm and Sander, 1993).
As expected, the closest structural match to the E. coli
RecQ HRDC structure was the S. cerevisiae Sgs1
HRDC domain (Liu et al., 1999) with an rmsd of 1.8 Å
for 71 Cα atoms. While the two structures are largely
similar, one noteworthy difference between the RecQ
and Sgs1 HRDC domain structures is the 310 helix/loop
region connecting α helices 1 and 2 (compare Figures
2A and 2B). This region is significantly less extended in
the E. coli RecQ HRDC domain than its counterpart in
the Sgs1 HRDC structure. The compact nature of this
region in the E. coli HRDC domain is adopted through
formation of a short 310 helix that folds the connector
against the base of the globular domain. This fold ex-
poses the hydrophobic patch described above and, no-
tably, places the Tyr555 side chain onto the E. coli RecQ
HRDC domain surface. NMR-based DNA binding studies
with the Sgs1 HRDC domain indicated significant chemi-
cal shifts for this region (as well as for residues in heli-
ces 4 and 5) upon binding ssDNA to define a broad
potential DNA binding surface on the Sgs1 HRDC do-
main (Liu et al., 1999) (Figure 2B).
Beyond the Sgs1 HRDC domain, the DALI search en-
gine detected structural similarities to the E. coli RecQ
HRDC domain with over 100 other nucleic acid binding
proteins. Many of these were described earlier as struc-
tural homologs to the Sgs1 HRDC domain (Liu et al.,
1999). These domains included DNA binding regions
from rat DNA polymerase β (Pelletier et al., 1994) (rmsd
of 3.0 Å for 67 Cα atoms) and Bacillus stearothermophi-
lus PcrA helicase (Subramanya et al., 1996; Velankar et
Structure
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(A) E. coli RecQ HRDC domain.
(B) Ribbon diagram of the NMR structure of the S. cerevisiae Sgs1 HRDC domain (Liu et al., 1999). Cα atoms with significant chemical shift
differences between apo and DNA bound forms are indicated with red spheres.
(C) Ribbon diagram of the HRDC-like domain from B. stearothermophilus PcrA (green) with DNA shown in stick form (red and blue) (Velankar
et al., 1999). A related structure of E. coli Rep helicase binds ssDNA by using essentially the same site (Korolev et al., 1997).
(D) Ribbon diagram of the HRDC-like domain from rat DNAP β (green) with DNA shown in stick form (red and blue) (Pelletier et al., 1994).al., 1999) (domain 1B, rmsd of 3.1 Å for 55 Cα atoms). d
sDomain 1B of E. coli Rep helicase (Korolev et al., 1997)
is closely related to the 1B domain in PcrA, although it a
cwas not detected as being significantly similar to the
E. coli RecQ HRDC domain. Of the many proteins with s
bsimilar folds to the E. coli RecQ HRDC domain, the
HRDC-like domains in each of these three proteins are t
bthe only ones that bind directly to DNA by using sites
that have been defined in crystal structures. This infor- a
smation was used in an attempt to map out the regions
of the E. coli RecQ HRDC domain that might bind DNA. m
fIntriguingly, while PcrA and Rep helicases use similar
surfaces of their HRDC-like domains to bind DNA, p
iDNAP β uses a different one (Figures 2C and 2D). PcrA/
Rep helicases bind DNA part by using a surface of their D
d1B domains that is comprised primarily of helices 1 and
2, while DNAP β uses a surface made up primarily of H
phelix 4 packed against the linkers connecting helices 1
and 2, and 3 and 4. Between these two distinct binding
oschemes, DNA binding chemical shift results reported
for the Sgs1 HRDC domain (Liu et al., 1999) are most s
bconsistent with the DNAP β DNA binding mode (Figure
2). However, the Sgs1 domain also had DNA-induced s
rchemical shift changes at the C terminus of helix 1 that
were more consistent with the PcrA/Rep binding mode, f
Rleaving open the question of which, if either, binding
mode is used by the E. coli RecQ HRDC domain. More- 1
aover, because the different HRDC-like domains bind to
distinct DNA structures (ssDNA for Rep [Korolev et al., s
d1997], ssDNA or partial duplex DNA for PcrA [Velankar
et al., 1999], and partial duplex DNA for DNAP β [Pellet- t
Kier et al., 1994]), the specific DNA structures that the
E. coli RecQ HRDC domain could bind was unclear. K
b
cDNA Binding by E. coli RecQ’s HRDC Domain
To test the DNA binding activity of the E. coli RecQ r
iHRDC domain, electrophoretic mobility shift assays
(EMSAs) were carried out. In these experiments, the
iE. coli RecQ HRDC domain was added to radiolabeled
ssDNA or dsDNA substrates, and DNA bound by the Komain was separated from free DNA by electrophore-
is. This analysis showed that the HRDC domain was
ble to bind to ssDNA with an apparent dissociation
onstant of w2.5 M (Figure 3A). In contrast, Figure 3B
hows that the dsDNA substrate was not significantly
ound by the HRDC domain, even at the highest pro-
ein concentration tested (20 M). A small amount of
ound DNA was observed in Figure 3B, but this can be
ttributed primarily to the domain binding unannealed
sDNA that was present in the reaction. Binding of this
inor ssDNA contaminant in the dsDNA binding assay
urthermore demonstrates that dsDNA does not com-
ete effectively in the E. coli RecQ HRDC/ssDNA bind-
ng reaction. Binding experiments with dup-3# and HJ
NA substrates were indistinguishable from the dsDNA
ata (data not shown), indicating that the E. coli RecQ
RDC preferentially binds to ssDNA over simple du-
lex-containing DNA substrates.
The EMSA binding study was next applied to a panel
f E. coli RecQ HRDC mutant domains to define the
urface of the domain that was responsible for ssDNA
inding. The variants each contained a single alanine
ubstitution for a surface-exposed aromatic or basic
esidue that mapped to regions similar to those used
or direct DNA binding in PcrA (Velankar et al., 1999),
ep (Korolev et al., 1997), or DNAP β (Pelletier et al.,
994). This approach led to the mutation of every Arg
nd Lys residue in the HRDC domain as well as the two
urface-exposed aromatic residues. In total, 14 HRDC
omain variants were purified and tested for their ability
o bind ssDNA: R533A, K534A, F536A, K538A, R540A,
541A, R543A, K544A, Y555A, R586A, K587A, R590A,
593A, and R600A. Given the weak ultraviolet absor-
ance of the E. coli RecQ HRDC domain, protein con-
entration determinations were estimated to be accu-
ate to within w3-fold, so a minimum change in affinity
n excess of this amount was considered significant.
Among the variants tested, six had clear reductions
n their ssDNA binding affinities: K534A, R540A, R543A,
544A, Y555A, and K587A (Figures 4A–4F; compare to
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E. coli RecQ HRDC Domain
(A and B) The RecQ HRDC domain (0.3, 0.6,
1.25, 2.5, 5, 10, or 20 M) was incubated with
w1 nM (A) ssDNA or (B) dsDNA. Free DNA
and HRDC/DNA complexes were separated
by PAGE and are indicated. A small amount
of unannealed ssDNA is present in the
dsDNA binding experiment; each band is in-
dicated. Control lanes in which the HRDC
domain was excluded are indicated with a
“-” symbol. All experiments were done sev-
eral times, and the data shown are represen-
tative.chain in ssDNA binding.helix 1 (Figure 4G).
Figure 4. Site-Directed Mutagenesis Defines a Surface of the Isolated E. coli RecQ HRDC Domain Involved in ssDNA Binding
(A–F) (A) K534A, (B) R540A, (C) R543A, (D) K544A, (E) Y555A, or (F) K587A RecQ HRDC domain variants at 0.3, 0.6, 1.25, 2.5, 5, 10, or 20 M
(or at twice these concentrations for the Y555A variant) were incubated with ssDNA, and free DNA was separated from HRDC/DNA complexes
by PAGE. Free DNA and HRDC variant/DNA complexes are indicated. EMSA results in (A)–(F) are comparable to results with the wild-type
HRDC domain in Figure 3A. All experiments were done multiple times, and the data shown are representative.
(G) Positions of mutated residues on the E. coli HRDC domain structure displayed as ribbon (top) and surface (bottom) representations.
Residues with measurable effects on ssDNA binding are colored red and labeled. Sites at which mutation did not alter ssDNA binding affinity
more than 3-fold are shown in light brown.the wild-type HRDC domain’s ssDNA binding in Figure
3A). Mutation of the conserved residue Tyr555 resulted
in the most dramatic effect on ssDNA binding, with only
minimal binding observed at the highest Y555A tested
(40 M). The R543A, R540A, and K587A variants had
the second-most severe changes in ssDNA binding,
with at least a 10-fold reduction in affinity compared to
the wild-type domain. The two other significant muta-
tions, K534A and K544A, each caused nearly a 10-fold
decrease in ssDNA binding affinity. These six residues
map to an elongated surface of the protein, forming a
stripe that extends from the conserved hydrophobic re-
gion along an electropositive path that wraps aroundOne possible explanation for the decreased ssDNA
binding affinity in the HRDC domain variants is that they
are misfolded. To test this possibility, we analyzed the
circular dichroic spectra of the recombinant E. coli
RecQ HRDC domain and the alanine-substituted vari-
ants. In all cases, the spectra were superimposable within
the limits of protein concentration determination (data
not shown). In addition, several of the mutants were
crystallized (data not shown), implying that they are
well-folded homogeneous structures. Thus, changes in
DNA binding cannot be attributed to gross structural
changes introduced by the point mutations but instead
are related to the role of the altered amino acid side
Structure
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fMutation in Full-Length E. coli RecQ
With the dramatic DNA binding affinity reduction i
Tcaused by alteration of a small number of surface resi-
dues on the E. coli RecQ HRDC domain, the next ques- Y
btion raised was what effect such a mutation would have
on the activity of the full-length E. coli RecQ protein.
RThe Y555A mutation was introduced into the full-length
protein through site-directed mutagenesis, and the re- g
pcombinant variant, RecQ-Y555A, was purified. The
DNA binding and unwinding activities of RecQ-Y555A R
lwere compared to wild-type E. coli RecQ and a pre-
viously characterized E. coli RecQ catalytic core do- w
Rmain fragment (RecQC) (Bernstein and Keck, 2003),
which lacks the HRDC domain altogether. a
nThe DNA binding specificity and affinity of the RecQ
variants were compared first. As was reported pre-
viously (Bernstein and Keck, 2003), full-length E. coli
RecQ binds dup-3# DNA, and removal of the HRDC do- D
main in RecQC creates a variant that has lost dup-3#
binding as determined by EMSA (Figure 5A). Surpris- I
aingly, introduction of the Y555A mutation into full-length
E. coli RecQ creates a variant that, like RecQC, is un- d
sable to bind to dup-3# DNA (Figure 5A). Thus, at least
in terms of binding to dup-3# DNA, the effect of the c
Rsingle mutation of Tyr555 to Ala resembles the com-
plete removal of the HRDC domain. d
iNext, the ability of the RecQ variants to bind HJ DNA
was analyzed. Consistent with previous observations W
p(Harmon and Kowalczykowski, 1998; Hishida et al.,
2004), full-length E. coli RecQ displayed limited HJ c
Lbinding, with smearing observed only in the lane with
the highest protein concentration (Figure 5B). In con- T
otrast, RecQC bound the HJ structure efficiently, with
substantial amounts of protein/DNA complex apparent d
twith as little as 100 nM protein. Higher-affinity HJ bind-
ing by RecQC over the full-length protein has not been aFigure 5. EMSA Analysis of DNA Binding by
E. coli RecQ Variants
(A) E. coli RecQ, RecQ-Y555A, or RecQC at
0.7, 3.1, 12.5, 50, or 200 nM was incubated
with w1 nM dup-3# DNA, and free DNA was
separated from RecQ/DNA complexes by
PAGE.
(B) E. coli RecQ, RecQ-Y555A, or RecQC at
50, 100, 200, 400, or 800 nM was incubated
with w1 nM HJ DNA, and free DNA was sep-
arated from RecQ/DNA complexes by PAGE.
Free DNA and RecQ variant/DNA complexes
are indicated, and control lanes in which
RecQ was excluded are indicated with a “-”
symbol. All experiments were done several
times, and the data shown are represen-
tative.eported previously. Interestingly, mutation of Tyr555 in
ull-length E. coli RecQ led to enhancement of HJ bind-
ng that was indistinguishable from that of RecQC.
hus, in terms of HJ binding, both RecQC and RecQ-
555A variants display the same enhanced ability to
ind HJ DNA relative to wild-type E. coli RecQ.
Finally, the abilities of E. coli RecQ, RecQC, and
ecQ-Y555A to unwind dup-3# DNA were tested by a
el-based helicase assay (Figure 6). As was observed
reviously (Bernstein and Keck, 2003), both full-length
ecQ and RecQC were able to unwind DNA at similar
evels. RecQ-Y555A unwound the dup-3# substrate
ith a slightly higher specific activity than full-length
ecQ or RecQC. All of the RecQ variants were also
ble to unwind HJ DNA with similar low efficiency (data
ot shown).
iscussion
n this report, we have described the crystal structure
nd biochemical functions of the E. coli RecQ HRDC
omain. The HRDC domain folds as an independent
tructural domain, forming a globular bundle of helices
onnected through well-ordered loops. The E. coli
ecQ HRDC domain structure is similar to DNA binding
omains from several other proteins, including domains
n Sgs1, PcrA, and Rep helicases, as well as DNAP β.
e demonstrate that the isolated HRDC domain binds
referentially to ssDNA by using a binding site that in-
ludes Lys534, Arg540, Arg543, Lys544, Tyr555, and
ys587. Consistent with these results, mutation of
yr555 in full-length E. coli RecQ has a dramatic effect
n DNA binding: affinity for partial-duplex DNA is re-
uced, while HJ binding is enhanced relative to wild-
ype protein. This structure-specific DNA binding alter-
tion illustrates how a simple modification of the HRDC
Structure and Function of the RecQ HRDC Domain
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E. coli RecQ, RecQ-Y555A, or RecQC at 0.1, 0.3, 1, 3, 10, or 30 pM were incubated with w1 nM dup-3# DNA in the presence of 1 mM ATP.
Control lanes with boiled substrate (“B”) or in which no helicase was added (“-”) are indicated. Unwound DNA was separated from substrate
on a 12% nondenaturing gel as indicated. All experiments were done multiple times, and the data shown are representative.domain can dramatically affect targeting of RecQ heli-
cases to distinct substrates.
HRDC Domains Are Structure-Specific DNA
Binding Determinants
While the genomes of bacteria and unicellular eukary-
otes typically encode a single recQ gene, multicellular
eukaryotes encode multiple recQ paralogs, each with
specialized functions. This specialization is evident
from three human syndromes that arise from individual
mutation of three of the five recQ genes in human cells;
mutation in one recQ gene is not compensated for by
the presence of four paralogous genes. One way in
which RecQ paralogs are specialized is through their
association with distinct sets of cellular protein binding
partners that help direct the enzyme to its site of action
(Bachrati and Hickson, 2003). However, a second im-
portant specialization feature occurs at the level of
structure-specific DNA binding by each RecQ. Unlike
E. coli RecQ, eukaryotic RecQ proteins appear to act
on distinct DNA structures (Bachrati and Hickson,
2003). Thus, in cells with multiple recQ genes, struc-
ture-specific DNA binding is likely to be important for
regulation and specialization of each enzyme’s activity.
We have shown here that the E. coli RecQ HRDC do-
main preferentially binds to ssDNA by using an elon-
gated binding site comprised of one aromatic and sev-
eral basic residues that wrap around the surface of the
first helix of the domain. Interestingly, major portions of
this binding site are not well conserved among either
bacterial or eukaryotic RecQ family members (Figure
1B), which could indicate that different RecQ proteins
bind DNA differently via their HRDC domains. Indeed,
the E. coli RecQ HRDC domain DNA binding site clearly
differs from that found in the Sgs1 protein. Whereas
Sgs1 uses a predominantly DNAP β-like DNA binding
site (Figure 2, [Liu et al., 1999]), the E. coli RecQ HRDC
domain DNA binding site is more similar to those of the
1B domains in PcrA and Rep helicases. These differ-
ences suggest that the general HRDC domain structure
is an effective and adaptable DNA binding scaffold that
can support multiple DNA binding modes. We hypothe-
size that differential evolution of the HRDC domain can
lead to specialized DNA binding modes in different
RecQ proteins.A single missense mutation in the E. coli RecQ HRDC
domain (Tyr555Ala) in the context of the intact protein
is sufficient to alter the variant’s structure-specific DNA
binding properties (Figure 5) without compromising its
catalytic efficiency (Figure 6). Since this alteration mir-
rors the effects of removal of the entire HRDC domain
from E. coli RecQ, it appears that the mutation results
in two different effects. The first is the loss of stable
binding to dup-3# DNA, which is likely attributable to
the role of the HRDC domain (and of Tyr555 in particu-
lar) in ssDNA binding. The second effect is the en-
hancement of binding to HJ DNA relative to the affinity
observed for wild-type E. coli RecQ (Figure 5 and [Har-
mon and Kowalczykowski, 1998]). This second effect
could indicate that the E. coli RecQ catalytic core do-
main has an innate ability to bind HJ DNA that is attenu-
ated by the HRDC domain. Consistent with this model,
our results show that removal of a functional HRDC do-
main, either by deletion or site mutation, increases the
RecQ variant’s affinity for HJ DNA. It has been pro-
posed that WH domains are well suited to bind HJ DNA
(Zlatanova and van Holde, 1998). Since the HRDC do-
main is tethered near the E. coli RecQ WH domain, it is
in position to potentially block HJ DNA from associat-
ing with the WH portion of the protein. Thus, the roles
of the HRDC domain in RecQ function are complex,
with the potential for both positive and negative effects
in binding to distinct DNA substrates.
There are numerous variations of the HRDC domain
throughout the RecQ helicase family. Although the vast
majority of identifiable bacterial RecQ proteins contain
a Phe or Tyr residue at the equivalent position of E. coli
RecQ Tyr555, several eukaryotic RecQ proteins do not
(Figure 1B). Moreover, some eukaryotic RecQ proteins,
such as RecQ4, lack HRDC domains altogether, while
several bacterial RecQ proteins have multiple HRDC
domains. We propose that variations in the presence or
absence of HRDC domains and differences in HRDC
domain DNA binding surface residues could reflect var-
ied DNA binding sites and, potentially, different sub-
strates acted upon by each RecQ protein. Biochemical
experiments support this proposal. For example, the
human WRN HRDC domain binds to HJ and forked
DNA, but not to ssDNA (von Kobbe et al., 2003); the
S. cerevisiae Sgs1 HRDC domain binds 3#-dup and
ssDNA (Liu et al., 1999); and E. coli RecQ HRDC do-
Structure
1180mains preferentially bind ssDNA over other DNA struc- w
tures (Figure 3). These data suggest that alterations in s
the HRDC domain of RecQ are likely to target different
RecQ proteins to distinct DNA substrates. c
t
Structural Insights into RecQ Biochemical Function u
In combination with our earlier report of the crystal a
structure of the catalytic core domain of E. coli RecQ H
(Bernstein et al., 2003), the HRDC domain structure de- m
scribed here provides the most complete high-resolu- o
tion view of a RecQ helicase. The RecQ catalytic core r
domain contains two putative DNA binding surfaces, c
the helicase and WH regions, and it is shown here that b
the HRDC domain presents a third DNA binding ele- c
ment. What remains unclear, however, is how the struc- c
tural domains of RecQ interact functionally with one an- m
other. Understanding the nature of this interaction will a
provide much-needed insights into the biochemical d
mechanisms utilized by RecQ helicases. Based on our R
current findings, we propose three possible models to s
explain how the domains of RecQ might interact to give m
rise to specialized functions for individual RecQ ho-
c
mologs.
K
One model predicts that the RecQ HRDC domain
pfolds back onto the first helicase subdomain of the cat-
calytic core to secure an ssDNA element from the un-
Cwound product (Figure 7A). This model is derived from
hthe positions of the helicase and HRDC-like domains in
aPcrA (Velankar et al., 1999) and Rep (Korolev et al.,
w1997), in which the domain is inserted into the helicase
sequence and is thus integrated into the first helicase
sdomain. In support of such a model, the region of the
Hcatalytic core with which the HRDC domain would as-
msociate is highly electronegative (Bernstein et al., 2003),
Dwhile the HRDC domain itself is largely electropositive
c(Figure 1E). These opposite charges could attract one
sanother to create a pocket or tunnel that sequesters
lssDNA from its complementary strand. This structural
imodel is also consistent with the necessity of the
FE. coli RecQ HRDC domain to stably bind dup-3# DNA
(Figure 5). Alternative associations of the HRDC domain aFigure 7. Models of E. coli RecQ HRDC Domain Association with the Catalytic Core
Three lobes of the catalytic core domain are shown schematically as gray spheres and are labeled H1 (N-terminal helicase subdomain), H2
(C-terminal helicase subdomain), or ZB/WH (Zn2+ binding and winged-helix subdomain). The HRDC domain is drawn as a blue sphere. The
14 residue linker that connects the catalytic core and HRDC domains is shown as a dashed line. Putative DNA binding sites on the surface
of the E. coli RecQ catalytic core domain were described previously (Bernstein et al., 2003). The position of modeled duplex DNA bound to
the ZB/WH subdomain also represents our model of the putative HJ binding site described in the text. Details of each model are given in the
Discussion section.ith other elements of the RecQ catalytic core are pos-
ible as well.
The flexible nature of the connection between the
atalytic core and the HRDC domain allows for at least
wo other ways in which the HRDC domain could be
sed to assist RecQ DNA binding. In a second model,
rigid association between the catalytic core and the
RDC domain may not be necessary for the HRDC do-
ain to bind ssDNA produced by the unwinding activity
f the catalytic core. The HRDC domain would not di-
ectly interface with the catalytic core; however, be-
ause it is tethered to the core, HRDC domain ssDNA
inding would be enhanced by the heightened effective
oncentration of ssDNA produced by the catalytic
ore’s DNA unwinding activity (Figure 7B). In a final
odel, the HRDC domain might associate with the cat-
lytic core as described in the first model, but it might
o so in trans (Figure 7C). The oligomeric state of E. coli
ecQ is currently a topic of investigation, with some
tudies suggesting that the protein is functional as a
onomer (Dou et al., 2004; Xu et al., 2003) and others
onsistent with an oligomeric active state (Harmon and
owalczykowski, 2001). If RecQ does oligomerize, it is
ossible that the HRDC domain from one protomer
ould associate with the catalytic core from another.
onsequently, further studies are needed to examine
ow the RecQ catalytic core and HRDC domain RecQ
re coordinated to allow efficient DNA binding and un-
inding.
In summary, we have defined the high-resolution
tructure and DNA binding functions of the E. coli RecQ
RDC domain. This study and others on RecQ family
embers indicate that HRDC domain sequences and
NA binding properties vary widely among RecQ heli-
ases, and that this variation is linked to differences in
tructure-specific DNA binding. These findings high-
ight the potential importance of RecQ HRDC domains
n targeting RecQ helicases to their substrates in cells.
urther investigation will be required to determine if
nd how RecQ domains interact with one another
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1181within the intact RecQ protein to regulate the function
of this versatile helicase.
Experimental Procedures
Synthetic DNA Substrates
Oligonucleotides 1 (5#-AAGCACAATTACCCACGC-3#), 2 (5#-GCG
TGGGTAATTGTGCTTCAATGGACTGAC-3#), 3 (5#-GTCAGTCCATT
GAAGCACAATTACCCACGC-3#), 4 (5#-GCCGTGATCACCAATGCA
GATTGACGAACCTTTGCCCACGT-3#), 5 (5#-GACGTGGGCAAAGG
TTCGTCAATGGACTGACAGCTGCATGG-3#), 6 (5#-GCCATGCAGCT
GTCAGTCCATTGTCATGCTAGGCCTACTGC-3#), and 7 (5#-GGCAG
TAGGCCTAGCATGACAATCTGCATTGGTGATCACGG-3#) were used
to construct the substrates used in DNA binding and helicase as-
says. 1* and 3 were used to make the dup-3# substrate; 2 and 3*
were used to make the double-stranded (ds) DNA substrate; 2* was
used for the ssDNA substrate; and 4*, 5, 6, and 7 were used to
make the HJ substrate. Oligonucleotides labeled with “*” were
phosphorylated by using T4 polynucleotide kinase with [γ-32P] ATP.
For each multistranded DNA substrate, equimolar amounts of each
strand were combined and incubated at 95°C for 5 min and were
slowly cooled to room temperature for w1 hr. Following annealing,
all substrates were gel purified by electrophoresis through a 12%
polyacrylamide gel, followed by electroelution.
Plasmids, Protein Overexpression, and Purification
Genomic sequence encoding the K12 E. coli RecQ HRDC domain
(residues 524–609 [Bernstein and Keck, 2003]) was amplified by
PCR and was subcloned into pET28b, creating pET28-HRDC. This
construct includes sequence coding for an N-terminal, thrombin-
cleavable hexa-histidine purification tag fused to the HRDC do-
main. The fidelity of the HRDC coding region of pET28-HRDC was
confirmed by DNA sequencing. Missense mutations in pET28-
HRDC and in the plasmid coding for full-length E. coli RecQ
(pJK100 [Bernstein and Keck, 2003]) were made according to the
QuikChange mutagenesis protocol (Stratagene), and the se-
quences of these mutants were confirmed by DNA sequencing.
BL21 DE3 cells transformed with pLysS (Novagen) and either
pET28-HRDC or a pET28-HRDC missense variant were grown at
37°C in Luria-Bertani medium (Sambrook and Russell, 2001) sup-
plemented with 50 g/ml kanamycin and 50 g/ml chlorampheni-
col. Cells at an OD600 of w0.5 were induced to overexpress protein
with 1 mM isopropyl β-D-thiogalactopyranoside for an additional
2 hr of growth and were harvested by centrifugation. Cells were
suspended in lysis buffer (20 mM Tris [pH 8.0], 20 mM imidazole,
0.3 M NaCl, 1 mM β-mercaptoethanol, 10% v/v glycerol) and lysed
by sonication on ice. All subsequent purifications steps were per-
formed at 4°C. Soluble lysate was loaded onto Ni-NTA resin (Qia-
gen) and washed with lysis buffer until protein was undetectable in
the eluent. His-tagged protein was eluted by the addition of 20 mM
Tris (pH 8.0), 0.1 M imidazole, 0.3 M NaCl, 1 mM β-mercapto-
ethanol, 10% v/v glycerol. The eluent was dialyzed against lysis
buffer, digested with thrombin to remove the His tag (a Gly-Ser-
His peptide is retained on the amino terminus after cleavage), and
passed over a Ni-NTA column to remove contaminating E. coli pro-
teins that bind Ni-NTA beads. The protein was concentrated and
passed over a Sephacryl S-100 column. Fractions containing pure
E. coli RecQ HRDC domain were concentrated to w3 g/l and dia-
lyzed against 20 mM Tris (pH 8.0), 0.5 M NaCl, 1 mM β-mercapto-
ethanol, 10% v/v glycerol. Protein concentrations were determined
by measuring their A280 in 6.0 M Guanidine-HCl (Edelhoch, 1967) (1
OD280, 6 M Gdn-HCl = 390 M for all HRDC variants, except for the
Y555A mutant for which 1 OD280, 6 M Gdn-HCl = 780 M). Selenometh-
ionine-incorporated protein was expressed as previously described
(Van Duyne et al., 1993), and it was purified identically to unsubsti-
tuted protein, except that 0.8 mM Tri(2-carboxyethyl) phosphine hy-
drochloride (TCEP) replaced the 1 mM β-mercaptoethanol in all
buffers. E. coli RecQ variants were purified as previously described
(Bernstein and Keck, 2003).
Protein Crystallization and Structure Determination
Selenomethionine-incorporated E. coli RecQ HRDC domain protein
was dialyzed against 1.0 M ammonium acetate. Crystals measuringw25 m × w50 m × w200 m were grown by hanging drop vapor
diffusion by mixing 1 µl 3 g/l protein with 1 µl well solution (8%
polyethylene glycol [PEG] 4000, 0.1 M MES [pH 6.5], 0.8 mM TCEP)
and equilibrating for several days at room temperature. Crystals
were stabilized by transferring to a cryoprotectant solution (25%
glycerol, 8% PEG 4000, 0.1 M MES [pH 6.5], 0.8 mM TCEP) and
were flash-frozen in liquid nitrogen. Crystals diffracted to 2.2 Å
resolution with P212121 symmetry and unit cell dimensions of a =
38.30 Å, b = 64.61 Å, c = 98.11 Å, consistent with three HRDC
molecules per asymmetric unit (Matthews, 1968).
The structure of the selenomethionine-incorporated E. coli RecQ
HRDC domain was solved by single-wavelength anomalous disper-
sion (SAD) phasing. Data were indexed and scaled by using
HKL2000 (Otwinowski and Minor, 1997). Selenium sites were found
by using SOLVE (Terwilliger and Berendzen, 1999) and were further
refined with MLPHARE (Otwinowski, 1991). Solvent flattening with
DM (Cowtan, 1994) resulted in interpretable electron density maps
that could be used in model building. Roughly 50% of the asym-
metric unit was built automatically by using ARP/WARP (Lamzin
and Wilson, 1993), and the remainder was built manually by using
the program O (Jones et al., 1991). The model was improved by
rounds of refinement with REFMAC5 (Winn et al., 2001) and man-
ual rebuilding.
Electrophoretic Mobility Shift Assay
Purified E. coli RecQ variants (0.3–20 M HRDC domain variants,
or 0.7–200 nM full-length RecQ variants) were incubated with sub-
strate (w1 nM, molecules) in 20 mM Tris (pH 8.0), 50 mM NaCl, 1
mM β-mercaptoethanol, 1 mM MgCl2, 0.1 g/l bovine serum albumin
(BSA), 4% glycerol for 30 min at 4°C. Free and protein bound DNA
fractions were separated by electrophoresis through a 6% nonde-
naturing polyacrylamide gel, dried onto Whatman paper, and im-
aged with a phosphorimager.
Helicase Assays
Purified RecQ variants (0.1–30 pM) were incubated with substrate
(w1 nM molecules) in 20 mM Tris (pH 8.0), 50 mM NaCl, 1 mM
β-mercaptoethanol, 1 mM MgCl2, 0.1 g/l BSA, 4% glycerol, 1 mM
ATP for 30 min at room temperature. Reactions were terminated
by the addition of 11% glycerol, 0.28% SDS, and 5 ng unlabeled
oligonucleotide 1. Unwound, labeled DNA product was separated
from substrate by electrophoresis through a 12% nondenaturing
polyacrylamide gel, dried onto Whatman paper, and imaged with
a phosphorimager.
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